A novel zero length column (ZLC) apparatus has been developed to provide rapid screening of CO 2 capacities of adsorbent materials. The key features of the new apparatus are the use of 5-15 mg of sample, a purposely designed gas-dosing system and low flowrates that extend the use of the ZLC to test adsorbents for post-combustion for carbon capture applications.
INTRODUCTION
CO 2 capture and storage from flue gases will play a significant role in mitigating the effect global warming on climate change. Coal-fired power plants produce more than 40 percent of CO 2 emissions and as such are attractive targets for capture technologies. 1 Normally power plants produce flue gas at 1 bar with a CO 2 concentration at about 10-16 percent in volume. 2 Current carbon capture technology is based on using chemical absorption by amines which is an effective technology to remove CO 2 from flue gas, but amine degradation, the high energy requirement in the regeneration process and corrosion in the system motivates alternative approaches. 3 These limitations have prompted significant investigation of physisorption for CO 2 separation which requires a porous material with high CO 2 affinity and capacity. 4, 5 Recently, metal organic frameworks (MOFs) have received much attention due to their large surface areas, controllable pore structures, and versatile chemical compositions. [6] [7] [8] This class of porous materials is synthesized using organic linker molecules and metal joints that self-assemble to form crystalline materials with well-defined porous structures, high surface areas, and desired chemical functionalities. [9] [10] [11] The highly tuneable properties of MOFs make them good candidates in separation process, catalysis and gas adsorption applications. Most of the recent studies have been concentrated on the hydrogen and methane storage [12] [13] [14] [15] [16] [17] some MOF materials show extremely high CO 2 capacity and very desirable isotherm shapes also drawn considerable attention in CO 2 capture. [18] [19] [20] [21] [22] [23] [24] However, even if some MOF materials have good CO 2 uptake, for post-combustion capture applications it is more important to understand CO 2 adsorption in the low pressure region than at high pressures. 21, [25] [26] [27] Given the large number of possible MOF topologies, linkers, and metal nodes, there are an almost unlimited number of MOFs that could be synthesized. 14 As a result, there is a requirement of developing techniques to characterize materials rapidly; using small sample quantities and that allow interpretation of the results easily, especially at low CO 2 partial pressure. Adsorption equilibrium measurements have traditionally been carried out by gravimetric or volumetric methods. 28 These techniques are straightforward and accurate, but they are time-consuming and require large amounts of adsorbents and are therefore not well-suited to adsorbent rapid screening studies, where absolute accuracy is less critical.
The original zero length column (ZLC) technique was introduced by Eic and Ruthven to study of adsorption kinetics. 29 The technique was then extended by Brandani et al. to the measurement of full adsorption isotherms. 30 The purpose of the present research was to develop a novel ZLC system designed for the study of novel adsorbents for carbon capture applications. A complete system should allow the ability to determine the adsorption capacity of novel materials, the mass transfer kinetics and the stability of the materials to impurities present in the flue gas. In this contribution we show how a properly designed system can be used to measure CO 2 adsorption equilibrium on small samples.
EXPERIMENTAL

Adsorbent Materials
Most MOF materials are synthesized through solvothermal reactions. The synthesis procedures for the seven MOF samples used in our research are modified from the literature. 14, [31] [32] [33] Mg/DOBDC (DOBDC = dioxybenzenedicarboxylate) was synthesized by the Matzger group at the University of Michigan. Linker precursor 2, 5-dihydroxyterephthalic acid (2.98 g) was dissolved in 180 mL 1-methyl-2-pyrrolidinone (NMP) + 20 mL deionized water using sonication. Mg HKUST-1(Cu-BTC) was produced by an electrochemical procedure, which is a new synthetic method compared to the previously reported synthesis under hydrothermal conditions. The crystals obtained have double sided pyramidal shape and a size of maximum 6 μm.
The ZIF-8 pellets and Z1200 powder were made by and purchased from BASF.
The 5A and Silicalite power and 13X pellets are commercial materials. 13X-APG adsorbent is the sodium form of X zeolite possessing an aluminosilicate binder.
13X-APG adsorbent will adsorb molecules with critical diameters up to 8 angstroms.
BET surface areas for the materials are reported in the supporting information.
Novel ZLC system
Figure 1shows a schematic diagram of the new semi-automated ZLC/breakthrough apparatus used in our experiments to measure the CO 2 capacity of novel adsorbents.
Given the use of small samples of hydrophilic adsorbents it is very important to ensure that dry gases are used and individual drying columns, packed with silica gel and 5A zeolite, are present in each gas line. The gas-dosing volume consists of four stainless steel cylinders (1L each) inside an oven (Sanyo, Japan), which allows to prepare mixtures containing vapours. A data acquisition and control system (National Instruments, USA) was used to acquire real-time data from the TCD and control the flowrates and oven temperatures.
A user interface was developed in LabView to run the ZLC experiments in a semi-automated mode. The Ametek mass spectrometer is supplied with its own data acquisition software and allows studying multicomponent systems also. Figure 2 shows the comparison of the blank experiments, i.e. the system without adsorbent, measured using the TCD. To achieve the same short-time response on the MS a capillary with a larger diameter of 0.06mm OD was used. The Ametek MS requires less than 0.5 cm 3 /min of sample, which can be used in the low flowrate experiments without the need to add a make-up gas flow, so the signal is not diluted. Special care needs to be taken at the lower flows to avoid the possibility of back flow or diffusion of air into the ZLC system, which would also bring water into the system.
To avoid this, a short section of 1/16 in. tubing was added at the outlet and masses 32 and 28 were monitored with the MS to check for air leaks over the range of flowrates used in the experiments. The narrow tubing is sufficiently short in order maintain a negligible pressure drop and the velocity in this section is sufficiently high to overcome the diffusion flux.
The ZLC cell is made of a Swagelok 1/8 in. fitting and the 10-15mg of sample is weighted in a Mettler-Toledo XS205 dual-range balance. While a traditional ZLC column is packed with 1-2 mg at one end of the union fitting, in this case a porous sinter disc is inserted at one end and the sample is loaded in the 9 mm internal section of the fitting and is sealed with a second porous sinter discs at the other end. The larger sample mass of 10-15 mg is used for the equilibrium capacity measurements.
The small amount of adsorbent required in the measurements is an important feature for rapid ranking of novel materials since only 20-30 mg need to be prepared for each batch. Prior to the experiment, the sample was regenerated by heating the sample with a ramping rate of 1°C/min to the required temperature and then held at this temperature for 12h with 1 cc/min of helium purge gas. After regeneration, the oven temperature is reduced to the desired temperature (i.e. 38°C for the standard CO 2 capacity tests) automatically. During an experiment, the sample was first equilibrated with a helium stream containing 10 percent by volume of CO 2 . At time zero, the flow was switched to a pure helium purge stream at the same volumetric flow rate. For each sample, ZLC runs at two different flow rates were performed in the range of 1-3 cc/min to confirm the results. The low flowrate and increased sample size provide conditions for the ZLC desorption process to be controlled by equilibrium. For each flowrate replicate runs were performed and the fact that the curves at different flowrates coincide on the Ft plot is an indication also that the samples do not loose capacity over time.
A LabView interface was programmed to carry out replicate experiments at different flowrates and the resulting semi-automated ZLC experiment is completed in less than
one hour for all materials tested in this work.
THEORY
In a ZLC experiment, the column is short enough to be treated as a well-mixed cell with negligible external mass and heat transfer resistance. In a desorption experiment the differential mass balance is therefore given by:
where V g is the volume of gas; V s represents the volume of solid; F is the volumetric flowrate; q is the average adsorbed phase concentration and c is the sorbate concentration in the gas phase. During the experiment the gas phase concentration is measured and the carrier flowrate is assumed constant.
Assuming linear equilibrium at the surface of the particles and mass transfer controlled by diffusion in a spherical geometry, the analytical solution is given by:
Where are the positive roots of:
The parameter  can be characterized as the ratio between the hold-up in the fluid phase and the accumulation in the solid. For gaseous systems it is generally very small and for  < 0.1 the effect of the extra particle hold-up is negligible. 34 The parameter L represents the ratio between the diffusional time constant and the "washout" of the solid phase. This parameter is essential in understanding how to design a ZLC system. At high purge flow rates or low sample mass (large values of L) the desorption rate is controlled by the diffusion of the sorbate out of the particle. At low purge flow rate or large sample mass, the residence time is large compared with the diffusional time constant (R 2 /D) and the system is under equilibrium conditions. 35 When the parameter L is small the system becomes controlled by adsorption equilibrium and the response curve does not contain kinetic information. The use of the ZLC technique to rank materials based on equilibrium capacity measurements, therefore leads to the requirement that the experiments have to be carried out at low flow rates and relatively high sample mass to achieve equilibrium control.
For a linear isotherm one can assume Kc  * (6) and the desorption curve reduces to a simple exponential decay:
Eq. 7 shows that under equilibrium control all desorption curves at different flowrates will collapse into a single curve in a concentration vs Ft plot. This property is valid also when the isotherm is nonlinear and provides a very simple experimental check for equilibrium control. 36 With the assumption that equilibrium is maintained between the gas and the solid phase; ideal gas behaviour; isothermal system; and a constant carrier flowrate, ie calculating the total flowrate as F = F c /(1y), Eq. (1) is integrated to obtain:
Where is the flowrate of the carrier gas, y is the mole fraction and C is the total concentration which can be calculated from the ideal gas law,
. While the flowrate of the carrier gas is not strictly constant, Eq. 8 is normally valid up to mole fractions of the adsorbate of 0.4-0.5. 37 Integration of Eq. 8 allows to calculate either the total capacity or the full adsorption isotherm. For strongly adsorbed components the exponential tail can be approximated by an analytical function and used to determine the integral more accurately. 38 We note that if the total capacity is the only information required, then the total mass balance holds even in if the system is kinetically controlled. The last term in the parenthesis is due to the hold-up in the gas phase and can be estimated separately from a blank experiment using an inert solid.
Clearly as the solid capacity increases the effect of this term becomes progressively negligible. With systems that have even moderate capacity, Eq. 8 indicates that by In addition to the simple ranking process based on the area under the curve in Figure 4 , having confirmed that for all the systems considered the experiments were equilibrium controlled, it also possible to understand better the differences between the zeolites and the most promising MOFs. From the Ft plot in Figure 3 it is clear that the response of Ni/DOBDC and Mg/DOBDC is close to linear in the semi-logarithmic plot, ie in accordance with eq. 7, which indicates a linear isotherm. The curves for 5A
and 13X zeolites present a clear non-linearity. The curves also show that the zeolites have a relatively high capacity at lower partial pressures, i.e. a much slower final exponential decay in proportion with the rest of the desorption curve. A good candidate adsorbent for carbon capture should not only have a high CO 2 capacity, but also allow for ease of regeneration and in a vacuum swing adsorption (VSA) process the isothermal working capacity is maximum for a linear isotherm.
39 Figure 4 shows that for example zeolite 13X has comparable adsorption capacity to Ni/DOBDC, but most of the capacity for 13X is at a low pressure range, which means that in a commercial VSA cycle, 13X would require more energy in the low pressure/vacuum regeneration step than Ni/DOBDC and a lower vacuum pressure, or that the cycle for 13X would have to be operated at a higher temperature sacrificing the working capacity.
Given that the ZLC system is a flow through apparatus in an oven, it is possible to change the operating conditions and study also the temperature dependence of the Henry law constants, thus determining the limiting isosteric enthalpy of adsorption of adsorption. As an example, Figure 5 shows the results at three different temperatures (65 °C, 50 °C and 38 °C) and two flowrates (1cc/min and 2cc/min) for Ni/DOBDC powder. From the slopes shown in the Ft plots, KV s + V g can be calculated using Eq.7, and V g can be obtained from the blank curve. The resulting parameters are summarized in Table 1 . The limiting isosteric enthalpy of adsorption is obtained from the temperature dependence of KV s /T, and a value of 39 kJ/mol was determined. It is important to note that for one system to determine the results at the reference condition and carry out the additional runs at two temperatures required only one day of experimentation, including sample pre-treatment.
Having determined that the Ni/DOBDC and Mg/DOBDC MOFs were the most promising adsorbents, the powders were treated with steam as a preliminary stability check and also converted into pellets. The steaming treatment was performed using a small quantity of powder (< ½ cm height) which was loaded into quartz tubes and the material was heated to a specified temperature (150 °C) overnight in flow of nitrogen. The tubes were then allowed to cool to the designated steaming temperature (100 °C), and steam (in nitrogen) was introduced at the desired level (5%, 10% and 15%) for 2 hours. Pelletized Ni/DOBDC and Mg/DOBDC were pressed from pure powder samples without any binder using a manual press. An additional sample was prepared from the Ni/DOBDC powder using a small quantity of solvent to obtain a paste which was then extruded through a syringe. CO 2 capacities measured on these samples are compared in Figure 6 for Ni/DOBDC, 5 mole percent steaming has a mild negative effect on the CO 2 adsorption capacity. Based on the net analysis, it can be concluded that this steaming reduces capacity by approximately 16 percent, and pelletizing introduces an additional 11 percent capacity loss. But for up to 15 mole percent steaming, the reduction of the CO 2 adsorption capacity for Ni/DOBDC is up to 85 percent. Further, the results show that regeneration at room temperature and atmospheric pressure did not desorb all the water from Ni/DOBDC. For
Mg/DOBDC, Figure 7 shows that the pelletization effect is only about a 7 percent capacity loss, but the steaming effectively deactivated the material. This set of experiments show the application of the ZLC system to determine the relative effect of pelletization and steaming in direct comparison with the original MOF powders. However, the ionic character of this bond promotes a higher CO 2 uptake. A novel semi-automated ZLC system has been developed to extend the technique to lower flowrates and slightly larger sample masses in order to optimise the experimental conditions for the rapid ranking of novel adsorbents in post-combustion carbon capture applications. There are several advantages over traditional gravimetric, volumetric and chromatographic systems, but the most important key aspect is that this system has been shown to arrive at reliable results with less than 15 mg of sample, which is essential when developing and testing novel materials.
At the point of interest for flue gas application (38 °C, 0.1 bar CO 2 partial pressure), the M/DOBDC class of MOFs was found to include excellent candidates for post-combustion carbon capture applications and in terms of capacity and shape of isotherm some outperform the benchmark zeolites.
To be able to determine the actual process performance, in addition to equilibrium studies it is also important to measure mass transfer kinetics and establish the stability of the novel materials to water and impurities present in flue gases. Given that the ZLC technique is a flow-through apparatus it is possible to carry out these additional experiments in-situ and parts 2 and 3 of this series will demonstrate how the new apparatus can provide also this information. 
